It has been widely accepted that DNA can adopt other biologically relevant structures beside the Watson-Crick double helix. One recent important example is the guanine-quadruplex (Gquadruplex) structure formed by guanine tracts found in the MYC (or c-myc) promoter region, which regulates the transcription of the MYC oncogene. Stabilization of this G-quadruplex by ligands, such as the cationic porphyrin TMPyP4, decreases the transcriptional level of MYC. Here, we report the first structure of a DNA fragment containing five guanine tracts from this region. An unusual G-quadruplex fold, which was derived from NMR restraints using unambiguous modelindependent resonance assignment approaches, involves a core of three stacked guanine tetrads formed by four parallel guanine tracts with all anti guanines and a snapback 3′-end syn guanine. We have determined the structure of the complex formed between this G-quadruplex and TMPγP4. This structural information, combined with details of small-molecule interaction, provides a platform for the design of anticancer drugs targeting multi-guanine-tract sequences that are found in the MYC and other oncogenic promoters, as well as in telomeres.
stabilization (by ligands, such as TMPyP4) increases and decreases the MYC transcriptional level, respectively 12, 17 . Recently, sequences consisting of these four guanine tracts [13] [14] [15] have been reported to form a so-called 'propeller-type' parallel-stranded G-quadruplex 18 .
Here we present the structure of a 24-nt five-guanine-tract sequence from the guanine-rich strand of the MYC NHE III 1 in K + solution. The structure represents a unique intramolecular parallel-stranded foldback G-quadruplex, in which a guanine from the 3′ tail is plugged back into the core through guanine-tetrad (G-tetrad) formation. This is the first intramolecular Gquadruplex structure of a five-guanine-tract sequence, in contrast to previously reported intramolecular G-quadruplexes of different four-guanine-tract sequences [18] [19] [20] [21] . Mutations in the sequence allowed us to understand the importance of different structural motifs in this unique quadruplex folding topology. Several structural elements were revealed as potential binding sites for small-molecule ligands. Our study of the interaction of this G-quadruplex with four different ligands indicated that they all stack on the top of the G-tetrad core, the most favorable binding site. However, different patterns of NMR spectrum perturbations reflected differences in exact position, stability and kinetics of the binding events. In particular, we found that TMPyP4 binds to this G-quadruplex in slow exchange; the structure of the G-quadruplex-TMPyP4 complex revealed how stacking and electrostatic interactions contribute to the stability of the complex.
RESULTS

Favoring a possible biologically relevant G-quadruplex
The imino proton NMR spectrum of the six-guanine-tract (27-nt) MYC promoter sequence Pu27 in K + solution (Fig. 1a) indicated the presence of multiple G-quadruplex forms. Earlier data derived from chemical probing 12 suggested that the first guanine tract is not involved in biologically relevant G-quadruplex formation. The 24-nt sequence Pu24 lacking this guanine tract (Table 1 ) gave a much better resolved NMR spectrum (Fig. 1a) . The number and intensity of major peaks for Pu24 indicated the presence of a major conformation. A single guanine-to-inosine substitution at position 10 of Pu24, resulting in the Pu24I sequence (Table 1) , further improved the quality of NMR spectra (Fig. 1a) . The pronounced similarity between the NMR spectra (and assignments) of Pu24 and Pu24I (Fig. 1a) are indicative of these sequences adopting the same major G-quadruplex fold. Notably, similar NMR spectra were also observed for Pu24I in solution containing 160 mM K + , 10 mM Na + , 1 mM Ca 2+ and 13 mM Mg 2+ (data not shown), suggesting formation of the same Gquadruplex fold at physiological condition.
Folding topology of Pu24I quadruplex
NMR titration of the concentration-dependent equilibrium between the structured and unfolded forms of Pu24I (Fig. 1b) indicated the formation of a monomeric structure, and hence an intramolecular monomeric G-quadruplex. To elucidate a novel DNA fold by NMR, unambiguous and model-independent resonance assignments are required. To this end, we used site-specific low-enrichment labeling and natural-abundance through-bond correlation approaches 22, 23 ( Supplementary Fig. 1 online) .
On the basis of the characteristic imino-H8 connectivity patterns observed in NOESY spectra of Pu24I (Fig. 1c) , we established the formation of a core of three G-tetrads: (G4·G8·G13·G17), (G5·G9·G14·G18) and (G6·G24·G15·G19) ( Supplementary Fig. 2 online). Observation of a strong intraresidue H8-H1′ NOE for G24 and weak H8-H1′ NOEs for other guanines (data not shown) indicated a syn glycosidic conformation for G24 and an anti conformation for other guanines. This is consistent with the G-tetrad core containing G4-G6, G8-G9, G13-G15 and G17-G19 stretches oriented to one direction and the 3′ tail oriented to the opposite direction, plugging G24 back into the core through (G6·G24·G15·G19) tetrad formation ( Supplementary Fig. 2 ). Connecting sequential residues with loops revealed an unusual intramolecular parallel-stranded foldback G-quadruplex (Fig.  2) . There are three double-chain-reversal loops connecting adjacent parallel strands: two (loops 1 and 3) are single-residue (T7 and T16) loops bridging three G-tetrad layers; another (loop 2) contains three residues (I10-G11-A12) and bridges two G-tetrad layers. There is a diagonal loop (loop 4) formed by the G20-A21-A22-G23 segment, connecting two opposite corners of the bottom G-tetrad. In this diagonal loop, the formation of G20·(A22-G23) triad (Fig. 2) is consistent with the observation of a sharp imino proton for G20 (Fig. 1a) and the identification of NOEs between A22(H8) and G23(H8) and between A22(H8) and G20(NH 2 ) (data not shown).
The imino proton spectrum of Pu24I after 4 h in D 2 O at 25 °C (Fig. 1a) showed that the four most protected peaks belonged to guanine imino protons of the central G-tetrad (G5, G9, G14 and G18), supporting the folding topology (Fig. 2b) . Their exchange times, which were measured in real time at 25 °C by NMR, are 8 h for G9 and 5 d for G5, G14 and G18.
Solution structure of Pu24I quadruplex
The structure of the Pu24I quadruplex (Fig. 2) was calculated on the basis of NMR restraints (Supplementary Table 1 online). There are three G-tetrads (colored cyan, magenta and green) in the core of the Pu24I quadruplex, which are sandwiched between the G20· (A22-G23) triad (yellow) at the bottom and the A3·A12 pair (brown) at the top (Fig. 2a,b) . The bottom triad is further capped with the well-defined stacking of A21; the top terminates with two less well defined 5′-terminal bases T1 and G2 among the ensemble of refined structures. The tetrad, triad, pair and base planes are continuously stacked in the Pu24I quadruplex ( Supplementary Fig. 3 online) . Two G-tetrads (green and magenta) adopt anti·anti·anti·anti alignments and one G-tetrad (cyan) adopts an anti·syn·anti·anti alignment.
The 3′-terminal tail folds back and G24 is plugged into the G-tetrad core by participating in G6(anti)·G24(syn)·G15(anti)·G19(anti) tetrad formation (Fig. 2b) . Without the last two 3′-end guanines, the four-guanine-tract sequence myc-2345 (Table 1 ) forms a propeller-type parallel-stranded G-quadruplex involving G10 in the G-tetrad core 13 . In contrast, in the Pu24I quadruplex, I10 loops out from the core, being displaced by G24. This is a unique feature of a quadruplex architecture, and its origin may be related to the stability of a G·(A-G) triad-containing diagonal loop. This displacement of residue 10 is more favorable in Pu24I (with the G10I substitution) than in Pu24, because a G·I·G·G tetrad lacking one hydrogen bond is less stable than a G·G·G·G tetrad. This explains why Pu24I gives a cleaner NMR spectrum than Pu24. However, the similarity between the major forms of Pu24 and Pu24I (Fig. 1) indicated that G10 would also be displaced by G24 in the Pu24 sequence.
The G20-A21-A22-G23 segment diagonally spans the bottom of the quadruplex and connects opposite corners G19 and G24, providing the foldback position for G24 (Fig. 2b ). This GAAG sequence adopts a new diagonal loop stabilized by G· (A-G) triad formation 24 . The G20·(A22-G23) triad is sandwiched between the (G6·G24·G15·G19) tetrad and the single-residue turn A21, with very good stacking. In this triad, G20 is in the central position and hydrogen bonded with both A22 and G23 ( Supplementary Fig. 4 online). The G· (A-G) triad seen here can be compared with a G· (C-A) triad 25 , a T· (A-A) triad 26 and an A·(T-A) triad 27 , which were observed previously in the context of G-quadruplexes. It can be seen as part of the recently reported pentads 28, 29 , hexads 30 and heptads 31 .
Two single-residue (T7 and T16) loops, which bridge three G-tetrad layers, adopt similar alignments, with the T7 and T16 bases pointing outward from the quadruplex scaffold. The three-residue I10-G11-A12 fragment forms a double-chain-reversal loop that bridges two Gtetrad layers ( Supplementary Fig. 4 ). Within these three residues, two residues, I10 and G11, loop out and are not very well defined. In contrast, A12 is well defined and seems to form a mismatch pair with A3 ( Fig. 2a) , although no hydrogen-bond constraints were imposed during the structure calculation.
The four grooves in the Pu24I quadruplex differ by the orientation of strands that define them and by the presence of loops. As shown in a surface view (Fig. 2c) , the shapes of the grooves are quite different and could serve as potential targets for small-molecule ligands.
Analysis of modified Pu24 sequences
The importance of different structural motifs in the quadruplex fold of Pu24 and Pu24I was analyzed through various modifications in the sequence (Table 1) .
Modifications in loops-Here we did not create mutations in loops 1 and 3, because previous studies have already indicated that a single residue forms the most stable doublechain-reversal loop bridging three G-tetrad layers 13, 32 and that the structure of such a loop does not depend much on the nature of the base in it (thymine or adenine) 29 .
As discussed above, the G10I substitution in loop 2 favors the looping out of this base, resulting in cleaner NMR spectra for Pu24I than for Pu24. This was also true for the G10T substitution in the Pu24T sequence: the NMR spectrum of Pu24T was almost identical to that of Pu24I except for the peaks of residue 10 ( Supplementary Fig. 5 online) . The A3·A12 pair was observed in Pu24I, but is likely not to be essential for the general fold, because A12 could be replaced by a thymine (in the Pu24I-T12 sequence), and the three residues 10-11-12 could be replaced by a single thymine (in the Pu24Δ-T12 sequence), without affecting the overall fold (data not shown).
In loop 4, the structure of Pu24I predicts that A21, forming a single-base turn, can be replaced by other bases without altering the folding of the loop and the general topology. This prediction was confirmed in the A21C mutant Pu24I-C21 (Supplementary Fig. 5 ).
Modifications in terminal residues: 5′ end can be truncated; 3′ end can be extended-In the ensemble of structures calculated for Pu24I (Fig. 2a) , the two 5′-end residues T1 and G2 are not well defined, suggesting that these residues are flexible and not required for the fold. Indeed, the NMR spectrum of the Pu22I sequence lacking these residues (Table 1) was very similar to that of Pu24I ( Supplementary Fig. 5 ), indicating that Pu22I adopts the same fold.
The foldback conformation of the 3′-end residue G24 in Pu24I raised the question of whether this foldback feature is unique for the very end residue or can also occur with an internal residue. The proton spectrum of the Pu25I sequence (Table 1) , which was extended to the 3′ direction by a thymine, was similar to that of Pu24I (Supplementary Fig. 5 ). This was confirmed for several unambiguous site-specific resonance assignments in Pu25I. The observation of the sharp imino proton of G24 confirmed the involvement of this base in Gtetrad formation. Similarities between the NOESY spectra of Pu25I and Pu24I (data not shown) indicated that these sequences adopt the same overall G-quadruplex topology. The structure of Pu25I, which was calculated on the basis of the Pu24I quadruplex structure and additional restraints involving T25 in Pu25I, is shown in Supplementary Figure 6 online. In this structure, T25(3′-OH) is pointed outward from the quadruplex core, suggesting the possibility of further extension of the 3′ end. This finding indicates that the folding topology presented here may exist in the context of longer sequences and represent a G-quadruplex pseudoknot.
Modifications in guanine tracts that increase MYC transcriptional activity-
Two specific guanine-to-adenine mutations have been reported to greatly increase the transcriptional level of MYC 12, 17 . These mutations are in positions 9 and 14 of our fiveguanine-tract sequences, corresponding to A9 of Pu24 and A14 of Pu24, respectively (Pu24-A9 and Pu24-A14; Table 1 ). NMR spectra of these sequences were very different from that of Pu24 ( Supplementary Fig. 5 ), indicating that these mutations alter the folding topology.
Interaction of Pu24I quadruplex with ligands
Because stabilization of G-quadruplexes in the MYC promoter can decrease MYC transcriptional level 12 , it is interesting to study the interaction and stabilization of the Pu24I quadruplex with different ligands. We used NMR to monitor the interaction of the Pu24I quadruplex with several small molecules that have been reported to bind G-quadruplexes: Hoechst 33258 (ref. 33; 1), daunomycin 34 (2), ethidium 35 (Figs.  3 and 4) . Modifications in these aromatic compounds can improve their affinity and specificity to G-quadruplexes 34, [36] [37] [38] . Upon addition of ethidium, Hoechst 33258 and daunomycin to the solution of Pu24I, imino protons of the top G-tetrad's residues (G4, G13, G8 and G17) were most perturbed (shifted upfield and broadened), consistent with the stacking of these ligands on the top G-tetrad. However, the patterns of these perturbations, which reflect the position, stability and kinetics of the binding events, differed between ligands. For instance, the perturbations of imino protons of G4 and G13 were different for the 1:1 ligand-DNA complexes: in the ethidium-Pu24I complex, the imino proton of G13 was shifted significantly upfield (~0.2 p.p.m.) but not much broadened (Fig. 3c) , suggesting a well-defined stacking of ethidium over G13; in the Hoechst 33258-Pu24I complex, imino proton G13 was greatly broadened (Fig. 3a) , suggesting multiple stacking configurations of Hoechst 33258 over G13; and in the daunomycin-Pu24I complex, both imino protons of G4 and G13 were shifted upfield and broadened (Fig. 3b) , consistent with the previously observed stacking of three daunomycin molecules over a G-tetrad in the crystalline state 34 . Further addition of these ligands into the solution of Pu24I caused further broadening of imino protons (data not shown). In contrast to the three ligands above, TMPyP4 bound to Pu24I (under the same experimental conditions) in slow exchange regime (Fig. 4) . At 
Structure and stability of Pu24I-TMPyP4 complex
The Pu24-TMPyP4 complex gave well-resolved NMR spectra suitable for structure determination (Fig. 4) . At [TMPyP4]/[DNA] = 0.5, the Pu24I quadruplexes in the free and bound states interconverted in solution, so that the NOESY spectra showed exchange crosspeaks between protons of the two conformations (Fig. 4c) . This enabled the unambiguous resonance assignments for the bound form on the basis of the peak assignments for the free form. Examples of such assignments for the imino protons are shown (Fig. 4) . The largest chemical shift differences between protons of the free and bound forms are for the imino protons of G4, G8, G13 and G17 (Fig. 4) and for the aromatic and sugar protons of T1 and G2 ( Supplementary Fig. 7 online) , suggesting that TMPyP4 is stacked over the top G-tetrad. Analysis of the NOESY spectra of the Pu24-TMPyP4 complex revealed that the general fold of the Pu24I quadruplex remains unchanged.
We calculated the structure of the complex starting from the structure of the free Pu24I quadruplex by using the intermolecular NOEs between Pu24I and TMPyP4 (Supplementary Table 1 ) and intramolecular NOEs within Pu24I for the top part of the quadruplex (residues 1-4, 8, 13, 17 and 10-12). In the structure of the Pu24I-TMPyP4 complex, TMPyP4 is well defined and stacked on the top of the (G4·G8·G13·G17) tetrad, somewhat shifted toward the G4 corner (Fig. 5) . The A3·A12 pair is not formed; A3 is located in the groove between G4 and G17; A12 is positioned between two pyridyl rings. Residues T1 and G2 are located above TMPyP4, consistent with their upfield-shifted resonances. The positive charges of the ligand are in close contact with negative phosphates of G2, A3, G5 and G12 (Fig. 5) . A comparison between the structures of the Pu24I quadruplex and the Pu24I quadruplexTMPyP4 complex is shown in Supplementary Figure 7 .
The imino proton spectrum of the Pu24I-TMPyP4 complex after dissolution in D 2 O again indicated that guanine imino protons of the central G-tetrad (G5, G9, G14 and G18) were most protected. Their exchange times at 25 °C (3 d for G9 and >40 d for G5, G14 and G18) are longer than those of the free Pu24I quadruplex by at least eightfold, consistent with the stabilization of the Pu24I quadruplex by TMPyP4.
DISCUSSION
We have established that the 24-nt five-guanine-tract Pu24 sequence from the MYC promoter folds into a distinct, parallel-stranded fold-back G-quadruplex topology in K + solution. The identification of a parallel-stranded G-tetrad core associated with three doublechain-reversal loops highlights a general principle for intramolecular quadruplex folding in K + solution [13] [14] [15] 18, 29, 31 . However, our study also reveals several new structural motifs not seen previously. In particular, a guanine (G24) of the 3′ end is plugged back into the Gtetrad core by participating in G-tetrad formation and displacing another guanine (G10) of a continuous guanine tract into a loop. This configuration is provided by a stable diagonal loop, which contains a G· (A-G) triad stacking on and capping the G-tetrad core. These new folding features are direct consequences of the presence of five guanine tracts in the sequence, in contrast to four guanine tracts in sequences studied previously [13] [14] [15] [18] [19] [20] [21] .
The 27-nt Pu27 sequence (Table 1) is located in the center of a longer guanine-rich strand (~50 nt) of the MYC promoter NHE III 1 (ref. 6). Containing many (six to ten) guanine tracts, these sequences are expected to adopt multiple G-quadruplex conformations using different guanine tracts and/or involving different strand orientation, syn/anti distribution and loop folding topologies. Indeed, this was observed in the NMR spectra of Pu27 (Fig. 1a) . Shorter subsequences, such as Pu24 and myc-2345 (Table 1) , adopt a major form and provide opportunities for structural characterization. An important question is how much (if any) of these structures is present in longer sequences and whether (and how) they are biologically relevant. It has been suggested that the formation of G-quadruplex(es), which involve four central guanine tracts of Pu27, suppresses the transcription of MYC 12, 17 . Pu24 (five guanine tracts) and myc-2345 (four guanine tracts), which differ by two 3′-terminal guanines, both contain these guanine tracts, yet fold into different major forms. The role of the Pu24 quadruplex presented here in the full-length sequence context remains to be tested, because available biochemical data 12 did not support its abundant presence in Pu27. Furthermore, even when a certain G-quadruplex structure does not exist naturally in sufficient abundance to control the transcription of MYC, it could be artificially stabilized by a ligand and, when generated in a pharmacological context, modulate the transcriptional level of MYC.
Stabilization of G-quadruplexes in the NHE by a ligand, such as TMPyP4, decreases the transcriptional level of MYC 12 . The G-quadruplex structure of the five-guanine-tract Pu24 sequence presented here may represent a potential anticancer target. The exceptional quality of the NMR spectra of Pu24I makes it an ideal system for NMR study of the interaction with various small molecules. Our study of the interaction between this G-quadruplex and several ligands brings insights into the common and most favorable binding site of Pu24I, the top end of the G-tetrad core. In particular, the structure of the Pu24I-TMPyP4 complex is especially valuable for the design of anticancer drugs. This structure emphasizes the stacking and the electrostatic contributions in stabilization of a G-quadruplex. In addition, this work also suggests several other structural elements (such as different grooves, different double-chain-reversal loops and a triad-containing diagonal loop) as potential binding sites for small-molecule ligands. Notably, this G-quadruplex can also be recognized by cellular proteins 39 , which may bind to the G-tetrad core or to different grooves and loops of the structure.
Finally, the new structural motifs and folding principles described here for Pu24 have direct relevance to ongoing efforts toward elucidating quadruplex structures formed by multiguanine-tract DNA sequences in other oncogenic promoters and in telomeres, which are all currently attractive anticancer targets [40] [41] [42] , as well as by mRNA sequences that are targets of the Fragile X mental retardation protein 43 . One would envisage the existence of more foldback motifs with different loops in other sequence contexts.
METHODS
Sample preparation
Ethidium bromide, bisbenzimide (Hoechst 33258) tri-hydrochloride and daunomycin hydrochloride were purchased from Sigma-Aldrich. meso-Tetra(N-methyl-4-pyridyl)porphine (TMPyP4) tetrachloride was purchased from Frontier Scientific. Stock solutions (2-4 mM) were prepared by dissolving the powders in water. The unlabeled and the site-specific low-enrichment (2% 15 N, 13 C-labeled for Pu24I and 2% 15 N-labeled for Pu24 and Pu25I) oligonucleotides were synthesized and purified as described 13, 20 . Unless otherwise stated, the strand concentration of the NMR samples was typically 0.5-2 mM; the solutions contained 70 mM of KCl and 20 mM of potassium phosphate (pH 7). The concentration of DNA and ligands was measured by NMR using the known concentration of dimethyl-2-silapentane-5-sulfonate (DSS) as internal reference.
NMR spectroscopy
Experiments were performed on 600 MHz Varian and 800 MHz Bruker spectrometers at 25 °C, unless otherwise specified. Resonances of the free quadruplexes were assigned unambiguously using site-specific low-enrichment labeling 23 and through-bond correlations at natural abundance 22 . The resonances of the Pu24I-TMPyP4 complex were assigned through the peak assignments of the free Pu24I quadruplex by using exchange cross-peaks (in NOESY) between the free and TMPyP4-bound species obtained at [TMPyP4]/[Pu24I] = 0.5. Interproton distances were measured by using NOESY experiments.
Stoichiometry determination
The stoichiometry was determined on the basis of NMR titration of the concentrationdependent equilibrium at 60 °C between the structured and unfolded forms 13, 22 . Measurements were carried out on samples in H 2 O based on signals of different imino and aromatic protons with a repetition delay of 5 s. The solutions contained 7 mM of KCl and 2 mM of potassium phosphate (pH 7).
Structure calculations
The structures of quadruplexes were calculated using the X-PLOR program 44 . NMRrestrained molecular dynamics (distance geometry and relaxation-matrix refinement) computations for Pu24I were performed essentially as described previously 29 . The structure of Pu25I was calculated from the structure of Pu24I by using additional distance restraints involving T25.
The structure of the Pu24I-TMPyP4 complex was calculated from the structure of Pu24I by using intermolecular distance restraints between TMPyP4 and Pu24I and intramolecular distance restraints for the top part of the Pu24I quadruplex. Residues 1, 2, 3 and 12 were lifted in order to manually place TMPyP4 on top of the (G4·G8·G13·G17) tetrad guided by TMPyP4-Pu24I intermolecular NOE restraints. Broken bonds between residues 11-12-13 and 3-4 were then restored, and the molecule was subjected to refinement with intra-DNA and intermolecular TMPyP4-DNA restraints. Because protons of TMPyP4 are not resolved (one single peak is observed for each type of proton), intermolecular restraints were treated as ambiguous with sum-averaging option for the refinement. The position of TMPyP4 within the complex was incrementally changed twice by a 15° rotation around the axis of the Pu24I G-tetrad core. In each of the three positions of TMPyP4 within the complex, angles between pyridyl rings and the porphyrin were initially set to ±60°, corresponding to previously reported crystal structure of the ligand 45 and favorable van der Waals energy term. Next, the force constant for the torsion angle between pyridyl rings and the porphyrin was set to 0 (that is, free rotation was allowed); molecular dynamics and energy minimization was performed again for six complexes. The resulting torsion angle converged to values in the 65-82° range for different pyridyl rings of TMPyP4, and the ligand positions showed good convergence (see Results).
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Pu27
TGGGGA GGG T GGGG A GGG T GGGG AA GG
Pu24
TGA GGG T GGGG A GGG T GGGG AA GG
Pu24I
TGA GGG T GGIG A GGG T GGGG AA GG
myc-2345 b TGA GGG T GGGG A GGG T GGGG AA
Pu24T
TGA GGG T GGTG A GGG T GGGG AA GG
Pu24I-T12 TGA GGG T GGIG T GGG T GGGG AA GG
Pu24Δ-T12 TGA GGG T GG --T GGG T GGGG AA GG
Pu24I-C21 TGA GGG T GGIG A GGG T GGGG CA GG
Pu22I
--A GGG T GGIG A GGG T GGGG AA GG
Pu25I
TGA GGG T GGIG A GGG T GGGG AA GG T
Pu24-A9 TGA GGG T GAGG A GGG T GGGG AA GG
Pu24-A14 TGA GGG T GGGG A GAG T GGGG AA GG a
Modifications in sequences derived from Pu24 are underlined and in boldface.
b This sequence was studied in ref. 13 .
